Char and soot from wood particles pyrolysis in a DTR were characterized. Char and soot characteristics change with temperature and residence time. Gasification kinetic parameters of char and soot from wood pyrolysis were determined. Gasification experiments in TGA were modeled using a semi-empirical approach. Conversion times in industrial conditions were estimated by model extrapolation.
Introduction
Biomass gasification is one of the most promising low carbon emission technologies. It enables to convert lignocellulosic matter, such as wood or agricultural residues, into syngas. This gas mixture has a great potential since it can be directly used for the production of heat and electricity or for the synthesis of liquid or gaseous biofuels. The entrained flow reactor is one of the main gasification technologies at a large scale. The typical process conditions are as follows: high temperature (>1300°C), short particle residence time (<5 s) and very high heat flux at particle surface (>10 6 W m À2 ). The main advantage of this technology is the high conversion of biomass into a syngas almost free of tar and gaseous hydrocarbons.
Different types of carbonaceous solids are produced in biomass gasification process, namely char and soot. These compounds can subsequently react with the O 2 , H 2 O and CO 2 present in the atmosphere in gasification reactions which produces syngas. The conversion of carbonaceous solids is of high interest in the industrial process as it increases the syngas yields. Besides, soot particles are pollutant and fouling compounds. The gasification reaction rate is related to the solid characteristics, which depend on the conditions of their formation.
Char is issued from biomass particles pyrolysis, which is the first stage of the process. In an entrained flow reactor, the high heating rate leads to a very porous and reactive char, with a highly damaged structure due to the brutal release of volatiles during fast pyrolysis [1] [2] [3] .
However, the high temperatures in the entrained flow reactor could induce thermal annealing which includes various transformations: loss of hydrogen and aliphatic groups, loss and changes in mineral matter and graphitization. Thermal annealing can have a negative effect on char reactivity. Several authors observed that char from coal prepared at temperatures higher than 1000°C suffers from thermal deactivation, i.e. a loss of reactivity, with the increase of temperature [4] [5] [6] . Based on HRTEM observation or Raman spectroscopy analysis, they concluded that thermal deactivation is due to structure ordering (graphitization), which gives a more chemically resistant solid. Other authors demonstrated the influence of mineral matter on thermal deactivation: Liu et al. [4] put into evidence mineral reactions occuring at high temperatures by XRD detection of SiC which is a reactive chemical complex with very low reactivity. Tremel et al. [7] observed a char surface decrease above 1200°C, which was attributed to the blockage of pores by ash melting. Senneca et al. [8] proposed an investigation to better understand thermal annealing mechanistics, with the analysis of char microstructural changes during severe heat treatments.
In the case of biomass, only two studies about thermal annealing have been found in literature [6, 9] ; they highlight that biomass char also suffers from thermal deactivation, but moderately compared to char from coal.
Soot is a carbonaceous solid mainly composed of graphite layers and synthesized from a complex series of phenomena, which involve gaseous hydrocarbon precursors and lead to the formation of carbonaceous solid particles. An extensive bibliographic review about soot formation process is given by Roth [10] . The influence of the pyrolysis conditions on soot reactivity has been mostly explored in the context of oxidation with O 2 . Indeed, Ruiz et al. [11] studied the oxidation of soot obtained from gaseous hydrocarbons pyrolysis between 1000°C and 1200°C. In this study, a reactivity decrease with temperature was observed and corroborated with a structure ordering increase. Vander Wal and Tomasek [12, 13] obtained a similar result for soot coming from the pyrolysis of different gaseous and liquid fuels. They assumed that structure ordering is related to different soot formation pathways dependant on temperature, and not to thermal annealing. Besides, no appreciable changes in soot structure can be observed below 1800°C after its formation, according to some experiments in very high temperature devices [14, 15] .
As soot formation process is considerably influenced by the initial fuel, the results obtained in literature have to be taken with a lot of caution in the case of biomass. Until now, soot characteristics were mostly studied for samples obtained from the pyrolysis of liquid or gaseous hydrocarbons.
Steam gasification kinetic parameters for char obtained from biomass fast pyrolysis and for soot are very rare in literature. Only one work has been found for char [16] and one for soot [17] . Nevertheless, in the former work, char samples were prepared in an atmosphere containing a low O 2 content which could partially oxidise the carbonaceous solids and then affect its reactivity; in the latter, soot samples were obtained from the pyrolysis of hydrocarbons and thus the gasification kinetic parameters could be different from those for soot coming from biomass pyrolysis.
The present study is an attempt to fill in the lack of information about char and soot in the context of biomass gasification in an entrained flow reactor. Only one recent work has been found in literature about this subject [18] . Characterization experiments were then performed on char and soot coming from wood particles pyrolysis in a drop tube reactor (DTR), a well-adapted reactor to study biomass conversion in the conditions of an entrained flow reactor at lab scale. This study aims at studying the influence of temperature and residence time on carbonaceous solids composition and reactivity to steam gasification. A kinetic model for char and soot steam gasification is derived from the reactivity measurements.
Materials and methods
This section is dedicated to the description of the experimental procedures and of the modeling methodology. Firstly, the conditions of char and soot formation are described, followed by the characterizations and thermogravimetry experiments. Secondly, the approach chosen for char and soot gasification modeling is described.
Experimental procedures

Beech particles pyrolysis in a drop tube reactor
Carbonaceous solids in the present study were obtained from beech particles pyrolysis experiments. The beech particle size was between 0.313 and 0.400 mm after a sieving classification.
Nomenclature
Ea
activation energy, kJ mol À1 F(X) surface function,k 0 pre-exponential factor, s À1 bar Àn m mass of the solid, g n order of the reaction, -P H2O partial pressure of H 2 O, bar This particle size range is representative of what could be introduced into an industrial entrained flow reactor. According to a proximate analysis, the beech sample is composed of 85.3 wt% of volatile matter and 14.3 wt% of fixed carbon on dry basis. The moisture of the sample is about 7 wt%. The chemical composition of the biomass -C, H, O and ash -is shown in Table 1 . Ash is mainly composed of Ca ($30 wt%), K ($20 wt%), Mg ($10 wt%) and Si ($10 wt%).
The beech particles pyrolysis experiments were conducted in a drop tube reactor (DTR) at several temperatures: 800°C, 1000°C, 1200°C and 1400°C [19] . Sampling was performed at the middle and at the bottom of the reactor, which respectively corresponds to 2 s and 4 s of residence time for gas. Note that sampling at the middle of the reactor at 1400°C could not be performed. According to a shrinking core model developed to describe wood pyrolysis in a DTR [20] , the slip velocity of char particles ($0.03 m/s) is much lower than gas velocity ($0.3 m/s), and can then be neglected. Soot is considered to behave like an aerosol in the gas stream, and thus the particles are not subjected to slipping. Therefore, the gas and carbonaceous solids have approximately the same residence time during DTR experiments.
Char and soot characterization
Char and soot particles were separately collected in the experimental device during DTR experiments. Indeed, a segregation between the two solids, due to difference of size, was observed within the sampling line [19, 21] . This was also observed by other authors [22] . The segregation between char and soot was also verified by thermogravimetry experiments, as char and soot have very different reactivities, and by SEM observations, which showed that only few soot particles were mixed with char samples.
Different types of analyses were conducted on the collected samples:
composition analysis (C, H, O and ash); observation of morphology by Scanning Electron Microscopy (SEM) coupled to EDX (Energy Dispersive X-ray) analysis; observation of structure by High Resolution Transmission Electron Microscopy (HRTEM); XRD (X-ray Diffraction) analysis; reactivity measurement with thermogravimetry experiments.
Note that enough amounts of soot for composition analysis and thermogravimetry experiments could only be collected in experiments at 1200°C and 1400°C.
The SEM observations of char and soot samples were already analysed and discussed in [19] .
Thermogravimetry experiments
Steam gasification of char and soot was studied in an atmospheric ThermoGravimetric Analyzer (TGA) coupled to a wet gas generator, which can produce a gas with a maximum steam content of about 27 mol%. Fig. 1 provides a scheme of the TGA facility.
The experimental procedure is defined so that gasification takes place at constant temperature. The reactor is firstly heated at 24°C/min under a nitrogen atmosphere until reaching a temperature plateau where gasification takes place. Once reaching the gasification plateau, the N 2 carrier gas flow is stopped and is substituted by the wet gas. The gasification experiment is considered to begin at this instant. The flow rate of the carrier gas is fixed at 50 ml/min for all experiments. Note that in the case of char samples, the reactor is firstly heated up to 950°C and then cooled to the gasification temperature, in order to release volatile matter from the solid. Indeed, char obtained from biomass pyrolysis somehow behaves like an activated carbon and can adsorb components from the atmosphere, such as moisture and hydrocarbons. This is not the case for soot.
The gasification temperatures were 750, 800 and 850°C for char and 910, 950 and 980°C for soot. These temperatures were selected so that the duration of gasification is between several minutes and several hundred of minutes, at a steam concentration of 20 mol% or 5 mol%.
Gasification experiments in TGA can be subject to mass transfer limitations into the bed of particles placed on the crucible [23] . The absence of interparticle mass transfer limitation in gasification experiments was experimentally verified by varying the sample mass, and therefore bed thickness. No influence of the mass was observed below 5 mg. Accordingly, char or soot mass used for TGA experiments was about 3-4 mg. Nonetheless, the absence of intra-particle mass transfer limitations was not verified and then cannot be discarded. No grinding of samples was applied because this could reduce the representativeness of samples from DTR experiments.
The reactivity R was calculated from the mass loss measured in the TGA (Eq. (1)), and can also be expressed as a function of the conversion rate, dX/dt (Eq. (2)).
RðtÞ
Repeatability experiments showed that the results for some samples were highly scattered, surely due to their heterogeneity. Thereby, the dispersion is represented by an error bar of 15% of each reactivity value.
In this study, the reference reactivity is the mean value calculated in a conversion range between 10% and 70% of conversion, referred to as R(X = 10-70%).
Char and soot gasification modeling methodology
Char and soot gasification was modelled by simple nth order model (Eq. (3)). This model associates the kinetic parameters to a function f(X) which implicitly describes the evolution of the solid surface as a function of conversion.
The steam gasification kinetic parameters were derived from thermogravimetry experiments, which were performed on different samples, collected after 4 s of residence time: char sample obtained at 1000°C ('Char 1000°C'); char sample obtained at 1400°C ('Char 1400°C'); soot sample obtained at 1200°C ('Soot').
After plotting ln(R(X = 10-70%)) versus (1/T) and (1/P H2O ), the values of the activation energy Ea, pre-exponential factor k 0 and of the order of the reaction n could be determined from the slopes of the graphs, by using the expression of the following equation:
The surface function was calculated as the ratio of the reactivity at a given conversion and of the reference reactivity (Eq. (5)) and then fitted by a polynomial (Eq. (6)). This simple approach was used by several authors [24, 25] , as the classical models, based on physical assumptions, are usually not well adapted to describe gasification of char from biomass pyrolysis, as later demonstrated in Section 3.3.1.
Results and discussion
In this section, the experimental and modeling results are shown and discussed. Firstly, the evolutions of char and soot characteristics as a function of temperature and residence time in the reactor are discussed. Secondly, the gasification model is validated and used for the estimation of conversion time in industrial conditions.
In order to better understand the results described below, it is very important to precise that char formation is very rapidly achieved, before 2 s of residence time, whereas soot formation advances all along the reactor [21] .
Characterization of char samples
Char composition
The char composition (on dry basis) is given in Table 1 . At every temperature, char is mainly composed of carbon with a content higher than 75 wt%. The hydrogen represents about 1-2 wt%, while the oxygen content is under 10 wt%. The ash content at 1000°C and 1200°C is similar ($12 wt%), whereas it is higher ($18 wt%) at 1400°C. This result could be attributed to the gasification of char at 1400°C with the H 2 O and CO 2 released by wood particles decomposition [21, 26] .
The molar compositions (on dry ash free basis) of char samples are represented in a ternary plot in Fig. 2 . This graph also includes the beech composition and that of char prepared by Chen [20, 27] . These results can be compared to ours as experiments in both works were conducted with the same feedstock and same experimental facility. Chen [20] observed that, during wood pyrolysis at 800°C and 950°C, the solid composition varies linearly in this diagram (dotted line in Fig. 2) , from wood composition towards 67 mol% of carbon, 21 mol% of hydrogen and 12 mol% of oxygen at the end of pyrolysis. This transformation is achieved within the first half of the reactor for 0.35 mm wood particles, i.e. after a residence time under 2 s.
Our results show that, above 1000°C, the char carbon content still increases with temperature and residence time. This increase cannot be linked to wood pyrolysis which is achieved in a shorter time, but rather to secondary transformations occurring after char formation. Fig. 3a compares the gasification reactivity calculated in a conversion range of 10-70% for char samples obtained at 800°C, 1000°C, 1200°C and 1400°C after 2 s and 4 s of residence time. Char samples from 800°C and 1000°C experiments have a considerably higher reactivity than the samples obtained at 1200°C and 1400°C after 4 s residence time, which have a similar reactivity. The 800°C char seems to have a slightly lower reactivity than the 1000°C one. However, this trend has to be taken with a lot of caution because the difference of reactivity is within the limits of the error bars. As for char obtained at 1200°C, the sample recovered after 2 s of residence time has a higher reactivity than the one recovered after 4 s.
Char reactivity
So, the char reactivity significantly decreases as pyrolysis temperature increases from 1000 to 1200°C, and as residence time increases from 2 s and 4 s at 1200°C. Similarly to the composition evolution (previous section), this reactivity decrease with residence time is not related to the characteristics of char during its formation, which is achieved in less than 2 s, but rather to its posterior evolution. Fig. 4 presents the XRD spectra obtained with char samples from pyrolysis at 1000°C and 1400°C. No crystalline structures were found for 1000°C char. On the contrary, the XRD analysis of char from pyrolysis at 1400°C clearly shows peaks related to inorganic salts -Ca(CO 3 ), MgO and MnSiO 3 -and to graphite. The latter is attributed to soot impurities on char sample, in agreement with HRTEM observations (refer to Section 3.2.3), and not to char with remains amorphous.
Analysis of crystalline structures
This result suggests that the higher temperature in DTR experiments induces ash crystallization. In counterpart, no carbonaceous crystalline structure formation was detected. 
Discussion
SEM observations of chars formed between 800°C and 1400°C show the typical morphology of a porous fast pyrolysis char [19] . However, our results show some evolutions concerning composition and mineral matter with the increase of temperature and residence time. We suppose these could be a consequence of thermal annealing, whose influence increases with temperature.
Thermal annealing is known to lead to an ordering of the char carbonaceous structure. In our experiments, the evolution of char towards pure carbon with the increase of temperature and residence time (Section 3.1.1) may be a consequence of this phenomenon. However, this ordering would remain weak as no graphitized structures were detected in char itself (Section 3.1.3).
Thermal annealing is also known to induce ash modifications in char. In our case, inorganic depositions on char surface, observed by SEM for chars prepared at 1400°C [19] , may reflect mineral changes in char. Besides, XRD analyses show inorganic crystalline structures on char from pyrolysis at 1400°C but not on that from 1000°C pyrolysis (Section 3.1.3). According to the study of Misra et al. [28] , inorganic compounds can be easily volatilized from char structure above 1100°C. In our study, this is at least the case of potassium which was detected in soot samples, as later explained in Section 3.2.1.
Thermal annealing usually leads to char thermal deactivation, i.e. to a reactivity decrease with temperature and residence time.
In our experiments, this was observed above 1000°C (Section 3.1.2). We propose some possible explanations for this observation:
-The carbonaceous matrix ordering could lead to a more stable structure and to a less reactive solid; -The loss of potassium, which is known to be an efficient catalyst for gasification, and mineral crystallization could lower ash catalytic activity; note that the total ash content cannot be directly linked with char reactivity as it is the highest in 1400°C char (Table 1) whereas reactivity is the lowest; -Ash depositions on char surface could decrease the access for steam within the particle.
Further studies should be performed in order to clarify the contribution of each of the phenomenon on char thermal deactivation.
Char reactivity can be influenced by other factors, such as the heating rate and the gasification conversion. In fact, char reactivity generally increases with the heating rate during its formation [1] [2] [3] and with the gasification advancement, as shown later in Section 3.3.1. In our study, the solid heating rate -which increases with reactor temperature -seems to play a minor role and could only explain the slight reactivity difference between chars obtained at 800°C and 1000°C. On the contrary, gasification could have a relevant influence on reactivity for char obtained at 1400°C. Indeed, as said before (Section 3.1.1), char was then already partially gasified. So the supposed char thermal deactivation at 1400°C may be then attenuated; this could explain the same reactivity measured between the chars from pyrolysis at 1200°C and 1400°C, whereas the latter would be expected to have a lower reactivity with thermal deactivation only. Table 1 shows the composition (on dry basis) of soot recovered from experiments at 1200°C and 1400°C after 2 s and 4 s of residence time. Soot samples are mostly composed of carbon, with also some hydrogen. A small fraction of ash was also measured, and was mainly attributed to potassium, according to EDX analyses ( Fig. 5) . As soot is able to fix inorganic elements on its structure during its formation, this potassium should be volatilized from char at high temperatures (Section 3.1.4). No oxygen is present in the organic matrix, as the sum of carbon, hydrogen and ash is around 100%.
Characterization of soot samples
Soot composition
Soot composition depends on the experimental conditions in the DTR. Soot sampled at 1200°C after 2 s of residence time, has a chemical formula of (C 6 H) n , which is very close to the formula of 'young' soot proposed by Palmer & Cullis (1965). On the contrary, the mean formula for soot after 4 s of residence time is (C 12 H) n at 1200°C and (C 22 H) n at 1400°C. Carbon content tends then to increase with temperature and residence time, whereas hydrogen content decreases.
Soot ash content also changes with the experimental conditions. Soot sampled at 1200°C after 4 s of residence time has lower ash content than soot samples obtained after a lower residence time -2 s -or at a higher temperature -1400°C. However, these results are quite difficult to explain as they both depend on inorganic release by char, and on inorganic fixation on soot particles, whose yield was shown to depend on residence time and temperature in the DTR [21, 26] . Fig. 3b compares the reactivity calculated between 10% and 70% conversion for soot samples obtained at 1200°C after 2 s and 4 s of residence time, and for samples obtained at 1400°C after 4 s of residence time.
Soot reactivity
Reactivity of soot sampled at 1200°C after 4 s of residence time is significantly lower than the reactivity of soot samples obtained at 1200°C and 1400°C, sampled after 2 s and 4 s of residence time respectively. 
HRTEM soot structure observation
Crystalline structures were observed by HRTEM in soot particles which were present in chars sampled at 1000°C and 1400°C (Fig. 6 ). These should correspond to the graphite layers, put into evidence by XRD analysis (Fig. 4) , which compose soot structure. The carbon particles in soot formed at 1000°C are not well arranged ( Fig. 6a ). On the contrary, the carbon particles in soot formed at1400°C show a quite good alignment (Fig. 6b ). Thus, it can be said that soot at 1400°C has a more ordered structure than soot at 1000°C. This suggests that a higher temperature during soot formation leads to a higher structure ordering of soot particles.
Discussion
Soot composition and reactivity were shown to change with temperature and residence time in the DTR. These variations are possibly due to structural changes related to soot formation process, which vary as a function of temperature and the transformation progress [13, 26] . Thermal annealing is a less probable explanation, as it has never been observed below 1800°C for soot (Section 1).
According to our results, an increase of temperature or residence time leads to a higher carbon content and to different reactivity to steam gasification. A structure ordering with temperature has also been put into evidence.
Surprisingly, on the contrary to what could be expected, a more ordered structure does not necessarily imply here a decrease of soot reactivity. Nevertheless, under the explored conditions, soot reactivity may be corroborated with its mineral content mainly composed of potassium, which is known to have a high catalytic influence on gasification. Indeed, the soot samples with the highest mineral content are the more reactive to steam gasification. This can explain the higher reactivity of char from 1400°C experiments compared to that from 1200°C, and also the higher reactivity of soot sample collected after 2 s of residence time compared to that of sample collected after 4 s of residence time for experiments at 1200°C. The same correlation between the increase of reactivity and mineral content with temperature, for soot from biomass pyrolysis, was also observed by Qin et al. [18] .
Char and soot gasification modeling
Determination of kinetic parameters
The steam gasification kinetic parameters of char and soot samples are presented in Table 2 . It can be noticed that the activation energy and the order of the reaction of the three samples are consistent with those usually reported in literature for char prepared under a wide variety of conditions, i.e. Ea = 88-250 kJ mol À1 and n = 0.4-1 [29] . Fig. 7 compares the surface function of the samples Char 1000°C, Char 1400°C and Soot. Note that for each sample the same surface function globally applies whatever the gasification experimental conditions (result not shown here). At the end of transformation, some differences were observed, which may be in major part due to the high uncertainty at this stage. Surface functions globally increase with conversion ( Fig. 7) which reflects a reactivity increase as the reaction proceeds. This may be explained by a reactive surface growth during the transformation and by the increase of inorganic matter concentration, which leads to a higher catalytic activity. The surface functions are quite close for the three samples until 50% conversion, and then increase differently. So the sample type may have an influence on the surface function evolution on the final stage of the transformation.
The surface functions experimentally obtained are very different from those predicted by classical models: the volume reaction model and the shrinking core model where the surface function constantly decreases as the volume or external surface of the particle decreases along the transformation; the random pore model where the surface function firstly increases due to surface pore growth and then decreases after pore coalescence.
Validation of the model
The results from the model developed in this work were compared to the results of the TGA experiments. Fig. 8 gives an example corresponding to the char and soot gasification at 850°C and 980°C respectively, with 5 mol% and 20 mol% of steam. Fig. 8 globally shows a good agreement between the modeling and experimental results. For almost all cases, the difference between R(X = 10-70%) from the model and the experiments is lower than the error bar. The only exception is for the gasification of Char 1000°C, under 5 mol% of steam. In this case, the difference between the calculated and experimental reactivities R 10-70% is about 30%. The same accuracy of the model was observed for the other experimental cases, which are not shown in the present article.
Estimation of conversion times in industrial conditions
The model described in this work was used for the estimation of char and soot gasification conversion time in representative conditions of an entrained flow reactor, namely high temperatures and steam partial pressures. The extrapolation of the model under such conditions is based on the assumption of the validity of the model kinetic parameters at high pressures. Table 3 displays the char and soot gasification characteristic times, which correspond to the time needed for 95% conversion, at 1200°C and 1400°C, under steam partial pressures of 0.2 bar, 2 bars and 20 bars. According to Table 3 , the characteristic times at high temperatures and steam partial pressures are globally in the scale of the second. Char 1000°C sample is gasified the fastest, with characteristic times of a few seconds or inferior to the second for all the experimental conditions. In contrast, Char 1400°C and Soot samples, which present close characteristic times, require the highest temperature (1400°C) and/or the highest steam partial pressure (20 bar) investigated here, to expect a complete conversion within a few seconds. In summary, a complete conversion could be expected for a non-annealed char -corresponding here to Char 1000°C -, under the operating conditions of an entrained flow reactor, in which the residence time equals a few seconds. Nevertheless, if char is annealed, the probability of complete conversion is drastically reduced. Indeed, char gasification in an entrained flow reactor will depend on the competition between the reaction rate and thermal annealing. In the case of soot which has a relatively low reactivity, a complete conversion is uncertain.
In all cases, under very severe temperature and steam partial pressure conditions, a complete conversion can be expected for soot and char, annealed or not.
Conclusions
This paper focuses on the characterization of char and soot recovered from biomass fast pyrolysis experiments in a drop tube reactor. According to the experimental study, the char and soot characteristics vary with the operating conditions. Indeed, high temperatures (>1000°C) induce changes in the carbonaceous and mineral matrix of char and soot. Carbon content increases with temperature and residence time for both types of solids. Evolutions in char mineral matter were observed, with crystallization of inorganics and volatilization of some elements, mainly potassium, which are subsequently fixed on soot structure. All these changes are assumed to be due to char thermal annealing and soot formation process, which probably influences the reactivity to steam gasification of carbonaceous solids. In the case of char, a decrease of reactivity with temperature was observed, whereas the opposite occurred for soot.
In a second step, the kinetics of char and soot gasification were determined on the basis of thermogravimetry experiments and led to the development of a semi-empirical model. This model was then used for conversion time estimation in industrial conditions. This study concludes that severe conditions in an entrained flow reactor -high temperatures and high steam partial pressuresare required for the complete conversion of annealed char and soot.
